We examined the localization of oxidized high-density lipoprotein (HDL) in atheromatous plaques and the oxidized HDL binding sites on endothelial cells. Histochemical analysis using CuSO 4 -oxidized HDL-speci®c 9F5-3a antibody indicated the presence of oxidized HDL in the intima of atheromatous plaques in human abdominal aortae. The cell surface binding of 125 I-oxidized HDL to cultured human aortic endothelial cells (HAEC) was saturable, with an apparent dissociation constant (K d ) of 1.43 mol/L. Competition for 125 I-oxidized HDL binding was strong for oxidized HDL, moderate for native HDL and low for acetylated low-density lipoprotein (LDL) or oxidized LDL. Using oxidized HDL as a ligand for blotting, a major 130-kDa band was detected in HAEC. These results suggest that oxidized HDL and its putative binding protein are present in atheromatous plaques and endothelial cells, respectively.
INTRODUCTION
Oxidative modi®cation of low-density lipoprotein (LDL) is believed to be involved in atherogenesis. 1, 2 Uptake of oxidized LDL by macrophages and smooth muscle cells through the scavenger receptor leads to the formation of foam cells which accumulate lipid droplets. Oxidized LDL has been detected in human atherosclerotic intima by immunohistochemistry using anti-oxidized LDL antibody, which reacts with peroxyphosphatidylcholine. 3 High-density lipoprotein (HDL) has been recognized as a protective agent against the atherosclerotic process. 4, 5 This is mainly attributed to the role of HDL in the transport of excess cholesterol from peripheral tissues to the liver. 6, 7 High-af®nity binding sites for native HDL (native HDL binding protein), which mediate transport of excess intracellular cholesterol from cells, have been found in several peripheral tissues. 8 In addition, the class B scavenger receptor SR-BI in liver is involved in the selective uptake of cholesterol ester from native HDL particles. 9 HDL is oxidized in the same manner as LDL. 10, 11 Oxidized HDL decreased the cholesterol ef¯ux in cultured J774 macrophages 12 and cultured ®broblasts. 13 This is caused by reduced lecithin±cholesterol acyltransferase (LCAT) activity due to a reduction in the level of phosphatidylcholine (PC), the substrate of LCAT, and by cross-linkage and degradation of apolipoprotein A-I (apoAI) in oxidized HDL particles. 14, 15 These results suggest that HDL oxidation, in addition to LDL oxidation, may contribute to the progression of atherosclerosis by the accumulation of free cholesterol in the peripheral tissues. However, little is known about the speci®c binding protein of oxidized HDL in human atherosclerotic lesions. Recently, the speci®c binding protein and/or receptor for oxidized LDL particles was found in bovine artery endothelial cells. 16 In this study, we investigated the histochemical localization of oxidized HDL particles using the 9F5-3a monoclonal antibody against oxidized HDL. In addition, we found a possible binding protein for oxidized HDL
Preparation of monoclonal antibodies
The anti-oxidized HDL monoclonal antibody 9F5-3a was described previously. 17 Anti-oxidized LDL monoclonal antibody was prepared according to the method described by Mowri et al. 18 The anti-oxidized LDL monoclonal antibody reacted speci®cally with oxidized LDL, and had no reactivity with native LDL, native HDL or oxidized HDL.
Preparation and modi®cation of lipoproteins
HDL and other lipoproteins were prepared by sequential ultracentrifugation, as previously reported. 17 After centrifugation, the fractions with a density of 1´063±1´210 were pooled as HDL particles. After extensive dialysis against 0´05 mol/L phosphate-buffered saline (PBS) pH 7´5, containing 1 mmol/L EDTA, HDL particles were stored in the dark at 4 C until use. Before oxidation, the solution was dialysed against PBS at 4 C in the dark, in order to remove EDTA. HDL particles were oxidized by incubation with 10 mol/L CuSO 4 at 37 C for 18 h, and the formation of conjugated diene was monitored at 234 nm. HDL was labelled with iodine-125 using the method of Goldstein et al. 19 Speci®c activity of the labelled lipoproteins ranged from 210 to 320 10 9 cpm/g protein. More than 93% of the radioactivity could be precipitated with 10% trichloroacetic acid, and the lipid-bound radioactivity was 1´1%. The protein content was determined using the BCA protein assay reagent kit (Pierce, Rockford, IL, USA).
Histological and immunohistochemical examinations
Ten abdominal aortae, sampled in the course of aortic surgery, were examined histologically.
The mean age of the 10 patients (seven men, three women) was 82´0 years (range 58±94 years). Informed consent was obtained from all subjects before participation in the study. The aortae showed severe atherosclerosis in four patients, moderate in two and mild in four patients. The samples were ®xed in 10% formalin, decalci®ed in 10% EDTA, embedded in the OCT compound, and snap-frozen in liquid nitrogen. Sections were stained for light microscopy with haematoxylin and eosin, van Gieson's elastic stain and Azan stain. Sections 5 m thick were immunostained with the LSAB kit. They were incubated in 3´0% H 2 O 2 for 5 min at room temperature to quench endogeneous peroxidase activity. After blocking of non-speci®c staining with 5% skimmed milk for 30 min, the sections were stained with monoclonal antibody 9F5-3a and anti-oxidized LDL antibody (diluted 1:500 and 1:1000, respectively). Non-immunized mouse ascites was used as a negative control. Biotinylated anti-mouse immunoglobulin and peroxidase-labelled streptavidin were added for 10 min, 3,3 -diaminobenzidine (DAB) was applied for 10 min. The sections were then counterstained with haematoxylin.
Cells
Normal HAEC and CS-C complete medium (CSC-medium) were obtained from Cell Systems Co. (WA, USA). HAEC were grown in CSCmedium in a humidi®ed 5% CO 2 incubator at 37 C. The cells were seeded into 35-mm collagen precoated tissue culture dishes for binding assay of radiolabelled lipoprotein or into 100-mm dishes for ligand assay. When the cells reached 85±90% con¯uence, the growth medium was changed to Dulbecco's modi®ed Eagle's medium/Ham's nutrient mixture F-12 (DMEM/F12) with 5 g/L human lipoprotein-de®cient serum (LPDS). All the experiments with lipoproteins were performed 24 h later.
Radioiodinated lipoprotein binding to endothelial cells
The cell surface binding of the lipoprotein was measured at 4 C as follows. The cells were washed three times with ice-cold PBS, then 1 ml of DMEM/F12-LPDS (without bicarbonate) containing 15 mmol/L N-2-hydroxyethylpiperazine-N -2-ethanesulphonic acid (HEPES), pH 7´4, was added. After a preincubation period of 30 min at 4 C, 125 I-oxidized HDL was added. At the end of the incubation, the medium was removed and the cell monolayers were washed three times with ice-cold PBS containing 0´2% bovine serum albumin and then twice with icecold PBS. The cells were ®nally dissolved in 0´5 mol/L NaOH. An aliquot of the cell lysate was taken for protein determination, and the remaining cells were counted. Speci®c binding was calculated by subtracting binding in the presence of a 20-fold excess of unlabelled ligand (non-speci®c binding) from that measured in the absence of this excess (total binding).
Cross-competition binding assay
These experiments were carried out at 4 C. The cells were washed three times with ice-cold PBS and received 1 ml of DMEM/F12-LPDS (without bicarbonate) containing 15 mmol/L HEPES, pH 7´4. After a 30-min preincubation, the radioiodinated lipoproteins were added at a ®xed concentration of 10±160 mg protein/L of unlabelled competing lipoproteins. The incubation was terminated 6 h later. The cells were washed and then solubilized with 0´5 mol/L NaOH for examination of associated radioactivity.
Ligand-blotting analysis
Cell monolayers from culture dishes were harvested, using a rubber policeman, into 0´05 mol/L PBS, pH 7´4, containing 1 mmol/L EDTA and 0´5 mmol/L phenylmethylsulphonyl uoride; the cells were then pelleted by centrifugation at 800 g for 10 min. To prepare the membrane fractions, cells were homogenized with PBS (using a polytron homogenizer for 20 s at setting 6) on an ice-bath, then centrifuged at 1000 g for 5 min at 4 C. The supernatant was centrifuged at 100 000 g for 60 min at 4 C. The pellets were resuspended in PBS, and aliquots of the preparations were stored at 80 C. 20 The membrane fraction was electrophoresed on 7´5% polyacrylamide slab gels containing 0´1% sodium dodecyl sulphate (SDS), then transferred to a nitrocellulose membrane ®lter, which was incubated overnight with Block Ace. One part of the ®lter was probed by immunoblotting. The ®lter was ®rst incubated with 10 mg/L of HDL or oxidized HDL particles for 1´5 h at room temperature. After washing with triethanolamine-buffered saline (TBS) (50 mmol/L Tris±HCl, pH 8´0, containing 150 mmol/L NaCl), the ®lter was incubated for 1´5 h with peroxidase-labelled anti-apoAI antibody. After washing again with TBS-T (50 mmol/L Tris±HCl, pH 8´0, containing 150 mmol/L NaCl and 0´05% Tween 20), the chemiluminescence intensity on the ®lter was detected by the ECL system. Another part of the ®lter was probed by radiolabelled ligand. The ®lter was incubated, for 1´5 h at room temperature,in PBS containing 10 mg/L 125 I-HDL or 125 I-oxidized HDL, and then washed ®ve times with TBS every 10 min. Protein bands were visualized using autoradiography. 21, 22 
RESULTS

Localization of oxidized HDL in atheromatous plaques
Sequential thin sections (two to three plates) of atheromatous plaques in human abdominal aortae (10 subjects) were examined by immunohistochemistry. Figure 1 shows that the oxidized LDL particles were localized on the surfacelining endothelial cells of the intima and on the whole focus of atheroma ( Fig. 1c ), whereas no immunoreactivity to oxidized LDL was observed in the negative ascites control (Fig. 1d) . In contrast, the oxidized HDL particles were spread through the outer endothelial cells to the subendothelial cells of the intima and more on the edge lesion of the atheromatous plaques (Fig. 1b) . These observations show that the distribution of oxidized HDL particles differs partly from that of the oxidized LDL particles in the luminal side of the abdominal aortae in atherosclerotic lesions.
Binding of 125 I-oxidized HDL to HAEC
Binding of oxidized HDL at the surface of endothelial cells was investigated at 4 C. The time course of this binding is illustrated in Fig. 2a . Speci®c binding of 125 I-oxidized HDL to cells reached a plateau after 6 h of incubation. When cells were incubated with increasing concentrations of 125 I-oxidized HDL at 4 C for 6 h, surface binding of the lipoproteins reached a maximum (Fig. 2b) . A Scatchard plot of the data (Fig. 2c) was consistent with the expression of a single binding site with a maximal binding capacity of 301 g/g cell protein or 6´0 nmol/g cell protein, by assuming a molecular weight for apolipoprotein HDL of 50 000, 23 and an apparent dissociation constant (K d ) of 71´4 mg/L or 1´43 mol/L.
Cross-competition binding experiments
The binding speci®city of 125 I-oxidized HDL or 125 I-HDL to the endothelial cells was investigated by cross-competition binding experiments performed at 4 C (Fig. 3) . When 125 I-oxidized HDLs were used as a ligand, oxidized HDLs were more competitive than acetylated LDL and oxidized LDL, whereas HDLs were less competitive (Fig. 3a) . By contrast, when 125 I-native HDL was used as the ligand, native HDLs were more potent than oxidized HDLs (Fig. 3b ). Figure 4 shows immunoblot and ligand-blot analyses of oxidized HDL binding proteins in HAEC. Homogenates of the membrane fractions were analysed by SDS-PAGE, and transferred to nitrocellulose membrane ®lters. In the immunoblot analysis, the ®lter was initially exposed to native HDL or oxidized HDL particles and was further incubated with anti-apoAI antibody. The 130-kDa and 80-kDa bands were found by immunoblotting with exposure to oxidized HDL on HAEC. However, there was no native HDL band on the blot. The ligand blot with radiolabelled lipoproteins visualized one major band and one faint band (Fig. 4) . The major 130-kDa band reacted selectively with 125 I-oxidized HDL and less with 125 I-native HDL. In addition, there was little, if any, 80-kDa band on the ligand blot. The 130-kDa and 80-kDa bands were never detected on a ligand blot with 125 I-oxidized LDL (data not shown). 
Oxidized HDL binding proteins
DISCUSSION
The monoclonal antibody 9F5-3a speci®cally reacts with oxidized HDL particles. 17 By using this and other monoclonal antibodies, we detected not only oxidized LDL particles but also oxidized HDL particles in the aortae bearing atheromatous plaques by immunohistochemical analysis. Interestingly, the localization of reactivities with 9F5-3a antibody against oxidized HDL and the anti-oxidized LDL antibody was distinct on the intima in the aortae. It has been reported that HDL particles are more rapidly oxidized than LDL particles. 17, 24 A denser distribution of oxidized HDL in some regions may represent earlier oxidation than in other regions on the intima of the aortae. However, the distribution of both oxidized HDL and oxidized LDL particles was generally similar on the atheromatous plaques. Itabe et al. 3 have reported that the FOH1a/DLH3 antibody against oxidized LDL reacts with oxidized phospholipid moieties in oxidized LDL particles. Our 9F5-3a antibody might also recognize not only the oxidized HDL protein moiety, but also oxidized phospholipids in oxidized HDL particles involved in atheromatous plaques. Part of our results agreed with their data. However, the intimal distributions of oxidized HDL particles and oxidized LDL particles were somewhat distinct compared with the data of Itabe et al. 3 Binding of 125 I-oxidized HDLs to HAEC occurred in a saturable fashion, with a dissociation constant (K d ) of 1´43 mol/L. The maximal capacity for 125 I-oxidized HDLs was 6´0 nmol/g cell protein. These values are similar to those for binding of 125 I-oxidized HDLs to J774-A1 macrophages (K d of 0´96 mol/L and maximal capacity of 5´5 nmol/g cell protein). 23 The K d for oxidized HDL was higher than that for 125 Inative HDL 2 (0´129 mol/L) on rat hepatoma cells. 25 The K d of 125 I-oxidized LDL to oxidized LDL receptor was reported to be 17´1 nmol/L on human coronary artery endothelial cells, 26 which is higher than the K d of 125 I-LDL to native LDL receptor (2´73 nmol/L). 25 This relationship between oxidized LDL and native LDL resembles our results in which the K d shifted to a higher value with oxidation of HDL, suggesting the presence of an oxidized HDL binding protein. This notion is supported by the ®nding that oxidized HDLs were more competitive than native HDLs in the cross-competition binding experiments with HAEC prelabelled with 125 Ioxidized HDLs. Musanti and Ghiselli reported that the binding of 125 I-oxidized HDLs to J774 macrophages was competed by acetylated LDL, and therefore that oxidized HDLs were probably incorporated by the scavenger receptor. 23 In our conditions, however, acetylated LDL and oxidized LDL exhibited little competition with 125 I-oxidized HDL binding to HAEC. These results suggest either that oxidized HDL is bound principally to the scavenger receptor but by a different mode of action, or that it interacts partially with the native HDL receptor on endothelial cells, or that there is a speci®c acceptor for oxidized HDLs.
In this study, a 130 kDa oxidized HDL binding protein was detected in HAEC by both immunoblot and ligand-blot analyses. A faint band was also detected in the 125 I-native HDL ligand-blot. An additional 80 kDa band was detected by immunoblotting, but not by ligand blotting with either 125 I-native HDL or 125 puri®ed native HDL binding protein. We could not detect 110-or 105-kDa bands in the membrane fraction of HAEC. Several laboratories have reported that cultured cells and cellular membranes have high-af®nity binding proteins for native HDL particles. The molecular masses of native HDL binding proteins that have been detected by ligand blotting are 110 kDa in human ®broblasts, 27 120 kDa in human placenta 28 and 120 kDa or 100 kDa in rat and human liver plasma membranes. 21 Recently, it was reported that the class B scavenger receptor SR-BI, another native HDL receptor, had an amino acid sequence homology of about 30% to CD36 and a molecular mass of about 82 kDa. 9 Native HDL binding proteins found in the liver or peripheral tissues therefore appear to have distinct structures and different roles. Miyazaki et al. 29 have demonstrated that acetylatedHDL particles can be recognizedby the scavenger receptor (220 kDa) originally for acetylated LDL particles and the receptor for native HDL. In general, modi®cation of lipoprotein in vivo is caused by reactive oxygen species, whereas the acetylation of lipoproteins is a distinct chemical modi®cation, resulting in different kinds of modi®ed lipoproteins. 30 In addition, it has been reported that the speci®c binding protein and/or receptor for oxidized LDL particles is 50 kDa in size, and is internalized, leading to degradation of the oxidized LDL particle, in a scavenger-receptor-independent process. 16 Althoughthe molecularmass of speci®c oxidized HDL binding protein and/or receptor is still unknown, the 130 kDa binding protein identi®ed in this study as having a higher af®nity for oxidized HDL than native HDL might be a major acceptor for oxidized HDL in HAEC.
